Hemoglobin synthesis in sheep homozygous for HbA is characterized by a progression during development from fetal hemoglobin, HbF (a272), to an intermediate hemoglobin,
HbC (a2iBsC), and finally to HbA (a2O2A) in adults (1) (2) (3) (4) . The intermediate hemoglobin, HbC, never comprises the entire circulating hemoglobin in sheep and is not found in those animals homozygous for HbB (a2O2tB). An analogous progression from fetal, to intermediate HbC, and, finally, to adult hemoglobin, is found in all goats. For a short time in young goats, HbC is the major circulating hemoglobin (5, 6) . Both in adult goats and in those sheep that have HbA, anemia produces a switch in the type of circulating hemoglobin from the adult type to HbC (6) (7) (8) . This switch occurs because of a change in beta-chain synthesis; the type of alpha chain synthesized remains constant. Gabuzda et al. (9) have shown that the anemia-induced switch from OA to tic globin in sheep is characterized by a 3-day lag between the onset of anemia and the beginning of gc production, implying that the switch occurs early in erythropoiesis, perhaps at the erythroid stem-cell stage. Enhanced production of HbC in both nonanemic sheep and goats by injection of erythropoietin suggests that the switch may be mediated by this hormone (7, 10) .
The mechanism for the switch from OA to 13c production could be due to regulatory control at one of three levels: (i) cellular control: proliferation of a specific clone of cells capable of synthesizing a particular type of beta globin; (ii) transcriptional control: selective transcription of the structural genes for beta globin to produce either OA or tic globin mRNA, which is then translated into its specific protein; or (iii) translational control: production or activation of a factor allowing selective translation of one or more beta globin mRNAs. The last hypothesis requires that both OA and tic globin mRNA are produced simultaneously, but are translated into protein selectively. The unusual N-terminal aminoacid sequences of the sheep and goat beta chains (Table 1) raises the possibility that unique tRNAs or initiation factors might be required for their synthesis, thereby providing a means for translational control. In order to study the mechanism of hemoglobin switching, we have isolated globin mRNA from reticulocytes of anemic animals and from bone marrow cells of immature or mature nonanemic animals, thereby obtaining mRNA from cells in several stages in the transition from OA to tic synthesis. An mRNA-dependent cell-free system from rabbit reticulocytes (12, 13) was used to assay these various mRNA preparations. We have shown that that the switch from 13c to OA globin (normal development) and OA to tic globin (during anemia) is mediated by a change in functional j3-globin mRNA and, therefore, is not regulated by a translational control mechanism. METHODS Production of Anemia. Adult sheep and goats were either bled from the jugular vein, 150-500 ml/day, or injected with phenylhydrazine (2.5% w/v; starting dose 1 ml/kg) to reduce their hematocrit to 12-14% and to maintain the hematocrit in this range. Hematocrit determination, reticulocyte and nucleated cell counts, and Giemsa stains of bone marrow were performed by standard methods (14) .
Hemoglobin Electrophoresis. Screening of sheep to select those homozygous for hemoglobin A, and serial determination of hemoglobin type during anemia in sheep and goats, was performed on cellulose acetate strips with a Gelman Elec- trophoresis Apparatus (Fig. 1 ). Hemolysates were prepared by washing the cells twice in 0.9%O NaCl, followed by lysis with 3 volumes of distilled water and centrifugation at 10,000 X g for 10 min to remove cell membranes. Both anode and cathode chambers of the electrophoresis apparatus contained 0.13 M Tris-EDTA-borate buffer (pH 9.1) (supplied by Gelman Co.). Electrophoresis was for 40 min at a constant voltage of 400 at 40.
Preparation and Incubation of Bone Marrow Cells. Sheep and goats less than 8 -months of age were selected so that an adequate amount of marrow could be recovered from the long bones. The animal was injected intravenously with sodium pentobarbital (60 mg/ml, 0.5 mi/kg) to induce general anesthesia, then exsanguinated via a femoral artery catheter. The proximal long bones were removed and the marrow cavities were flushed with minimal essential Eagle's medium (15) . Under sterile precautions, the marrow was dispersed by serial aspiration through no. 16, 19 , and 21 needles, respectively; the cells were collected by centrifugation at 3000 X g for 5 min; washed once with Eagle's medium, and suspended in sufficient medium-containing 15% fetal-calf serum, 2 mM glutamine, 0.18% (w/v) NaHCO3, penicillin (150 units/ml), and streptomycin (150 ,g/ml) to give a final nucleated cell concentration of 0.5 to 1.5 X 108/ml. 10-ml Aliquots were incubated in sterile petri dishes at 370 in a mRNA Extraction from Bone Marrow Cells. A hot phenolsodium dodecyl sulfate (SDS) method (16, 17) with extraction at 550 was used to recover mRNA (18). 40 ml of incubation medium containing 2 to 6 X 109 nucleated cells was dripped into a rapidly-stirring mixture of detergent, buffer, and phenol at room temperature. This mixture consisted of 40 ml of pH 5.0 acetate buffer (0.1 sodium chloride-0.05 M sodium acetate-0.01 M EDTA) containing 0.5% SDS and 80 ml of phenol (Fisher, reagent grade, saturated with pH 5.0 acetate buffer). Stirring was continued for 10 min, the mixture was cooled to 4°on ice, and the phases were separated by centrifugation. The aqueous phase was removed, and the phenol and interface were re-extracted with 80 ml of pH 5.0 acetate buffer without detergent. Stirring was continued for 10 min after the temperature had reached 55°. The mixture was cooled and 40 ml of 1% isoamyl alcohol-chloroform was added; the mixture was stirred an additional 3 min at room temperature. The mixture was cooled on ice, and the aqueous phase was recovered after centrifugation. The phenol-chloroform layer and interface were reextracted with 100 ml of pH 5.0 acetate buffer at 550 as described above, except that no additional isoamyl alcoholchloroform was added. The three aqueous phases were pooled and re-extracted for 10 min at room temperature with 125 ml of phenol saturated with pH 5.0 acetate buffer containing 0.5% SDS and 125 ml of 1% isoamyl alcohol-chloroform.
The final aqueous phase was recovered by centrifugation at 40, 2 volumes of 95% ethanol were added, and, after 12-36 hr at -20°, the RNA was pelleted at 78,000 X g for 45 min. The pellet was dissolved in a small volume of 5 SHEEP AB AB-C -.. mM Tris * HCl (pH 7.5)-0.5% SDS. The sample was heated for 5 min at 370, layered onto 12-ml sucrose gradients (5-24% sucrose in 50 mM Tris -HCO, pH 7.5). Centrifugation and recovery of the various RNA fractions was as described (13, 19, 20) .
Preparation of Reticulocyte mRNA. Lysate was prepared (12) from blood of animals having reticulocyte counts of at least 15%. The lysate was made 0.2 M in NaCl and 0.5% in SDS; it was then extracted for 10 min at room temperature with an equal volume of phenol-m-cresol-8-hydroxyquinoline (500 ml-70 ml-0.5 g) saturated with water (21).
The aqueous phase was recovered by centrifugation, and the phenol phase was re-extracted with an equal volume of 0.2 M Tris HCl (pH 9.0)-0.2 M KCl at room temperature. The two aqueous phases were pooled and extracted with an equal volume of the phenol mixture for 10 min at room temperature; the final aqueous phase was recovered after centrifugation. Subsequent steps were performed exactly as described above for the preparation of mRNA from bone marrow cells. 9 mM, (2) 17 inM, (3) 27 mM, (4) 27 mM, and (5) 60 mM. Flow rate was 0.3-0.4 ml/min. The globin sample was applied, the column was washed for 45 min with 9 mM sodium phosphate (pH 6.8)-8 M urea, the gradient was started, and 4-ml fractions were collected. Each of the radioactivity profiles represent the product of a 1-ml reaction mixture containing the indicated mRNA preparation. 
Labeling of Globin in

RESULTS
Globin mRNA extraction and activity in the cell-free system A total of 3 to 8 X 109 nucleated cells was recovered from all of the proximal long bones of a young animal. About 20% of these were identified as erythroid cells by cytological criteria (26) . Preliminary attempts to recover active mRNA from cytoplasmic lysates of bone marrow cells were unsuccessful, so the method of immediate phenol-SDS extraction of cells suspended in tissue culture medium was adopted (27) (see Methods). A greater yield of RNA was obtained from bone marrow cells by extraction at pH 5.0 and 550, rather than by pH 9.0 extraction (18) . By labeling the RNA with [14C]uridine and counting aliquots of the aqueous extracts after cold trichloroacetic acid-precipitation, we found that two re-extractions of the original phenol phase produced maximal recovery of total RNA. The 7-16S region of the sucrose gradients were prepared for assay. Both reticulocyte and bone-marrow globin mRNA were active in the mRNA-dependent cell-free system ( Table 2 ).
Identification of sheep and goat globin chains
Resolution of the various sheep and goat hemoglobins by cellulose acetate electrophoresis is shown in Fig. 1 . Gradual switching of the type of circulating hemoglobin occurred after either bleeding or phenylhydrazine injection. Identification of individual sheep globin peaks by carboxymethyl-cellulose chromatography was done by the separate application of known samples of hemoglobins A, B, and C. The position of the alpha peak was common to the three samples; the relative positions of the beta peaks are as shown in Fig. 2a (where a sample containing aliquots of all four globin chains was applied). A similar procedure was followed with the goat globin (Fig. 3a) , and the pattern of elution is similar to that found by Wrightstone et al (5) . Dr. T. H. J. Huisman kindly provided the initial identification of our sheep hemoglobins, and also supplied us with goat globin samples for standardization of the column procedure.
Hemoglobin A to C switch and the identification of active mRNA for ,6A and #C globin chains Using whole cell incubation and carboxymethyl-cellulose chromatography, we found that by the fifth day of severe anemia in both sheep that were homozygous for HbA and goats, all the radioactivity incorporated into beta globin was found in the 30c peak. If anemia was prolonged in a mature sheep, return of MA synthesis occurred, as noted by Blunt et al. (8) .
mRNA, isolated from sheep and goat cells, was assayed in the rabbit reticulocyte cell-free system, and the products were analyzed. The following data were obtained. The bonemarrow globin niRNA from an immature (67 day) sheep directed the synthesis of #A (and a) globin (Fig. 2b) . Globin mRNA from the reticulocytes of an adult sheep early in the course of severe anemia directed the synthesis of 1C globin (Fig. 2d) , while the reticulocyte globin mRNA from the same animal after prolonged anemia produced both MA and 13c globin (Fig. 2c) . The beta globin synthesized in the cell-free system -in each instance corresponded to that labeled by incubation of whole cells from the cell population from which the mRNA was isolated.
Bone marrow cell globin mRNA from an immature (63 day) goat directed the synthesis of MA and 13c globin (Fig. 3b) , while bone marrow mRNA from an older animal had no translatable PC globin mRNA (Fig. 3c) . Phenylhydrazine-induced severe anemia in an adult goat resulted in the prompt disappearance of functional MA globin mRNA and reappearance of 30c globin mRNA (Fig. 3d) . The pattern of synthesis of beta chains in response to the various mRNAs in the cell-free system was the same as the type of globin labeled by whole-cell incubation of the corresponding cell population. DISCUSSION We have presented evidence that the HbA to HbC switch in sheep and goats is mediated via a change in functional beta globin mRNA. Cells synthesizing pA (and alpha) globin contained active mRNA for only the MA (and alpha) chains, as assayed in a rabbit reticulocyte cell-free system, while cells synthesizing 1C globin contained active globin mRNA for this beta chain. Active mRNA for both beta chains was isolated from cell populations synthesizing both MA and 13c globin simultaneously. We conclude, therefore, that regulation in the selection of globin mRNA for translation is not of primary importance in controlling the type of beta globin made by sheep and goat erythroid cells. Thus, it seems likely that hemoglobin switching is regulated by cellular (cell clone selection) or transcriptional (structural gene selection) control. Kabat has recently presented a theoretical mechanism of transcriptional control based on selective gene deletion (28) . Antibodies directed against HbA and HbC have been used to obtain preliminary evidence that both hemoglobins may be found in individual sheep erythrocytes (Michael Garrick, personal communication). Until this observation is confirmed, there is no experimental basis for choosing between cellular or transcriptional control. Recent evidence for a large nuclear RNA precursor of cytoplasmic globin mRNA (29) provides another level of possible regulation. However, further experimental studies are needed to determine the mechanism of regulation of hemoglobin switching and the role of erythropoietin in this process.
Successful isolation of active globin mRNA from bone marrow cells adds to the growing number of functional mRNAs recovered from various tissues (30) (31) (32) (33) (34) (35) . Sequences of polyadenylate [poly(A)] occur in globin mRNA (36, 37) . necessary to recover RNA containing poly(A) sequences. They note, however, that similar material is recovered by extraction with pH 5.0 buffer at 55°. We have recovered active globin mRNA using the pH 5.0, 550 method, confirming its utility in the preparation of functional mRNA. The general difference in activity between the bone marrow and reticulocyte globin mRNA preparations (Table 2) is thought to represent differences in active globin mRNA concentration in these partially purified RNA preparations.
Translation of mRNA for sheep and goat beta globin chains has been obtained in a rabbit reticulocyte cell-free system. Although these beta globins have unusual N-terminal amino acid sequences (Table 1) , unique tRNAs or protein factors do not appear to be required for their translation. It appears likely that the mechanism of initiation of these mRNAs will prove to be similar to that described for rabbit globin mRNA (38) (39) (40) . In recent experiments performed in our laboratory, sheep globin mRNA directed the synthesis of a methionyl-valine dipeptide in the presence of the initiator tRNA, Met-tRNAf (R. G. Crystal, unpublished observation).
Thus, the alpha chain is initiated by the formation of a peptide bond between methionine (donated from MettRNAf) and valine, analogous to the initiation of rabbit globin chains (40) . A role for initiator tRNA in the synthesis of the beta chains of sheep is under investigation.
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